background: There is no systematic study on coiled sperm in semen, although they are commonly observed. This work characterizes coiled sperm in infertile men to understand the clinical implications and investigate the possible cause by osmotic swelling.
Introduction
It is by no means a rare observation that there are sperm in the ejaculates of both fertile and infertile men which show a coiling or bending back of the tail on itself somewhere along the length. Yet most routine semen analysis does not include coiled sperm as a separate feature. Coiled sperm are classified in the World Health Organization (WHO) manual (WHO, 1999) as defects of either the midpiece or tail, although a French spermiogram system distinguishes them as one category of morphological anomaly (see Marmor and Grob-Menendez, 1990 ). There are relatively few data in the literature on the occurrence of coiled sperm in the populations of fertile and infertile men. In four reports on fertile men totalling 2070 subjects, there were on average 5.8 -7.0% of coiled sperm appearing in the ejaculate (Schwartz et al., 1984; Bujan et al., 1988; Auger et al., 2001; Kubo-Irie et al., 2005) . In a mixed cohort of 845 andrology patients, coiled sperm ranged from 0 to 36% with a median of 3.2% (Bigelow et al., 1998) . In a study of infertile men over 3 years (Jouannet et al., 1988) , the 252 patients who eventually induced a pregnancy had significantly fewer coiled sperm (9.3%) than the 142 men who did not (11.0%). Common occurrence of coiled sperm has been reported without quantification in some asthenozoospermic patients having sperm with fibrous sheath dysplasia (Rawe et al., 2002) . There is so far no study of this abnormal morphological feature in relation to semen parameters, hormonal status or clinical diagnosis, let alone investigating the cause of this deformation.
The series of early experiments on bovine sperm by Drevius (Drevius and Eriksson, 1966 ) characterizing the bending back or coiling of the sperm tail as a normal phenomenon in response to hypo-osmotic challenges has led to the introduction of the hypo-osmotic swelling (HOS) test into the andrology clinic as a test for sperm tail membrane integrity (Jeyendran et al., 1984) . Some forms of the swollen sperm restrained by the intact plasma membrane in the HOS test are similar to the coiled sperm observed in native semen. The bending back of the sperm tail upon release from the epididymis of the infertile c-ros knockout mice into normal culture medium has subsequently been shown to arise from defects in sperm volume regulation in association with an abnormal epididymal environment (Cooper et al., 2004; Yeung et al., 2006) . Such tail deformation can be reversed by demembranation (Yeung et al., 1999) , confirming that such bending of the sperm tail occurring within an intact cell membrane is a cell swelling phenomenon. In two infertile bulls with the 'Dag' defect, characterized by high proportions of coiled or bent sperm tails in the ejaculate (Koefoed-Johnsen and Pederson, 1971) , the percentages of such abnormal sperm decreased stepwise from over 80% to below 6% in a series of exhaustive ejaculations, indicating the defects of epididymal origin (Gustafsson et al., 1974) . It is not known if the coiled sperm observed in human ejaculates represent swollen sperm, and whether they are morphological defects of testicular origin or a consequence of post-testicular factors.
Besides disruption in the epididymal milieu, recent transgenic mouse models reveal inherent sperm factors causing coiling of the flagellum, including structural maldevelopment in the Gopc 2/2 mice (Suzuki-Toyota et al., 2007; Gopc encodes a Golgi-associated protein with unknown function), cytoplasmic retention during spermiogenesis in the Spem1 2/2 mice (Zheng et al., 2007 ; Spem1 encodes a conserved, elongated spermatid-specific protein with unknown function) and mutation of the testis-specific gene Capza3 for actin filaments assembly (Geyer et al., 2008) . In all these phenotypes, a special feature is the appearance of the sperm head inside the coiled tail. For this reason, sperm with heads in the coils (HIC) were categorized in the present study separately from the remaining coiled sperm. In the present study, coiled sperm were analysed in a cohort of 439 consecutive patients attending the andrology clinic in relation to semen parameters, hormonal status and clinical diagnosis. The strategy was to distinguish if sperm coiling is associated with spermatogenic factors, reflected by serum levels of sex steroids and gonadotrphic hormones and the number of sperm produced, or associated with parameters of semen quality or clinical diagnosis. In addition, experiments were done in an attempt to elucidate the nature of the coiling and to test if the coiling was caused by osmotic swelling.
Methods

Subjects
A total of 439 consecutive patients attending the andrology clinic for infertility for the first time, who had at least 0.2 Â 10 6 /ml sperm in the ejaculate and were given a full routine analysis of spermiogram, biochemical seminal markers and serum hormone assessment (relevant data are summarized in Table I ), were included in the study. All subjects gave written informed consent for scientific evaluation of their clinical data and underwent a complete clinical and physical examination. Clinical data of these patients were retrieved from the Centre's database Androbase& (Tuttelmann et al., 2006) .
Routine semen and hormone analysis
Ejaculates were obtained in the Clinic by masturbation and after liquefaction at 378C for 30 min, semen analysis was carried out according to the Manual from WHO (1999) . A swim-up procedure was performed on 30 ejaculates where up to 2 ml semen was diluted 1:1 with Sperm Preparation Medium (MediCult GmbH, Berlin) and centrifuged for 10 min at 390 g. One millilitre medium was overlaid on the sperm pellet and after incubation at 378C for 1 h, the top 0.5 ml was analysed, and a sperm smear was made for morphology assessment. Hormones were analysed as previously described (Depenbusch et al., 2002) . Serum luteinizing hormone (LH), follicle-stimulating hormone (FSH) and prolactin were assayed by a highly specific time-resolved fluoroimmunoassay using AutoDELFIA w equipment (Perkin Elmer, Freiburg, Germany), with detection limits at 0. There was no difference in these parameters whether the infertility was idiopathic or otherwise, except in testicular volume (P , 0.05).
LH, 0.25 IU/l for FSH and 8.4 mU/l for prolactin. Serum testosterone levels were determined using a commercial enzyme-linked immunosorbent assay kit (DRG, Marburg, Germany) with a detection limit of 0.5 nM. Sex hormone-binding globulin (SHBG) and estradiol (E 2 ) were also assayed by fluoroimmunoassay. Intra-and inter-assay coefficients of variation were below 10% for all assays.
Assessment of coiled sperm
After routine assessment of sperm morphology, the stained sperm smear was examined for the shape of the sperm tail that was categorized into three types: (i) straight tail, (ii) tail coiled around the head and (iii) tail otherwise coiled in any part or bent back on itself. Some samples with high incidence of coiled sperm were processed for electron microscopy as previously described (Pesch et al., 2006) .
Measurement of semen osmolality
The osmolality of 10 ml semen was measured after liquefaction with a vapour pressure osmometer (Wescor Vapro 5510, Kreienfeld Scientific Measuring Systems, Langenfeld, Germany) using a 2 min delay to allow chamber saturation of vapour. Osmometer readings were checked for agreement within 2 mmol/kg at 4 min to ensure vapour saturation and measurement accuracy.
HOS test and demembranation of coiled sperm
After 30 min of liquefaction, 10 ml of semen was mixed with 90 ml HOS test solution (WHO, 1999) and incubated at 378C for 25 min. Percentages of coiled tails, HIC and straight tails in 100 sperm were counted in triplicate. In some experiments, another 10 ml semen aliquot was mixed with 90 ml HOS solution containing 5 mM dithiothreitol (DTT) as a reducing agent and analysed the same way. For demembranation, 5 ml of 20% Triton X-100 (TX) was mixed in 15 ml samples (native semen, HOSand HOS/DTT-treated samples), and sperm tails were examined and counted after 5 min incubation at room temperature.
Statistics
Statistical evaluation of data was carried out using the computer software SigmaStat (version 2.03, SPSS Inc., Erkrath, Germany). Correlations between sperm coiling and other variables were tested by multiple linear regression, followed by forward stepwise regression analysis, to allocate the importance of correlated factors. Differences between patient groups were tested using the Mann-Whitney test, with statistical significance indicated by P , 0.05. For comparison of patient and control groups in HOS test and detergent treatments, analysis of variance (ANOVA) with the Holm -Sidak post hoc test was used for normally distributed data and ANOVA rank test followed by Dunn's test for data that failed the normality test.
Results
General features of coiled sperm
Coiled sperm were easily discernable with the routine method for morphology analysis. Most of the coiling of the sperm tail was localized near the head, with the whole or only the proximal tail making up the coil. Looping back of the tail onto itself or coiling involving only the distal part of the tail was less frequently observed ( Fig. 1) . By electron microscopy, such features were recognized as two or more crosssections of the tail axoneme confined within the plasma membrane (examples shown in Fig. 2 ), indicating that coiling or looping occurred within the cell boundary. Occasionally, the tail coiled around the head and these sperm were categorized as a separate group (HIC) while the 'coiled sperm', referred to below, represent all the remaining forms of coiling or looping excluding HIC. There was no difference in the extent of sperm coiling between patients classified as idiopathic infertile or otherwise (Table I ). All but one of the 439 patients had coiled sperm, whereas HIC was found in 91% of patients (Fig. 3) . In 12% of all patients, 20% or more sperm were in any coiled form. Although overall data showed a very weak yet statistically significant correlation between the incidence of HIC and coiled sperm (R ¼ 0.12, P , 0.05), this no longer held when there were .15% of coiled sperm (Fig. 3) . Some of the coiled sperm were motile and present in swim-up samples. The number of coiled sperm decreased from 16.5 + 1.8% in the original ejaculate to 7.7 + 1.3% after swim-up (n ¼ 30, P , 0.001). Although there were on average 3.3 + 0.3% of HIC in semen, the majority of swim-up samples did not have any, and only 3 of 30 samples contained .1% of the HIC form.
Lack of correlation between sperm coiling and semen osmolality
The osmolality of 145 ejaculates was measured, giving a mean + SD value of 322 + 21 (range from 280 to 392 mmol/kg). There was no correlation of these measurements with either percentage coiled sperm or HIC in the ejaculate. Sperm coiling incidence is correlated with age and sperm quality but not with hormonal status
Despite the large majority of patients being aged 30 -40 years, a statistically significant correlation, albeit weak, was revealed between age and the percentage of coiled sperm in the ejaculate (Tables II and III) . On the other hand, serum hormone values bore no correlation with the extent of sperm coiling (data not shown). Significant negative correlation was found between the percentages of coiled sperm and progressive motility, and positive correlation with head defect (Tables II  and III) . Among the seminal biochemical markers for accessory gland secretions, a positive correlation was also found for percentage coiled sperm with the epididymal marker neutral a-glucosidase/ejaculate, but not with fructose or zinc contents as markers for the seminal vesicles and prostate, respectively. Among the significantly correlated variables, glucosidase content was the most important as revealed by forward stepwise regression analysis (Table III) . Similar analysis showed that percentages of HIC were positively correlated with head defect and eosin head-staining (Table III) Coiled sperm in semen percentage HIC between any antibody groups that all had mean values within 3.5-3.9%.
'Normal' versus 'abnormal' patients
Among the 439 patients, there were 88 who had serum hormone values and semen parameters within the normal ranges, namely testosterone . 12 nmol/l, LH 2-10 U/I, FSH 1 -7 U/l, E 2 , 250 pmol/l, prolactin , 500 mU/l, sperm concentration . 20 Â 10 6 /ml, immotile sperm , 50%, motility grade a . 25%, normal morphology . 5%, glucosidase, fructose and zinc . 20 mU, 13 mmol and 2.4 mmol per ejaculate, respectively, and not receiving medication. This group of so-called 'normal' patients showed no difference in the extent of sperm coiling compared with the remaining 351 'abnormal' patients (Fig. 4) . The correlation of percentage coiled sperm with semen glucosidase persisted in both patient groups, whereas correlation with age remained only in 'abnormal' patients.
Association of coiled sperm with varicocele and heavy smoking
Among the patients, 43 men with varicocele showed a higher percentage of coiled sperm compared with 384 patients without varicocele, with mean + SEM of 10.8 + 0.9 versus 9.0 + 0.3% (P ¼ 0.027). On the other hand, male tract infection in 63 patients showed no difference in sperm coiling compared with 359 non-infected patients. No differences in the incidence of HIC were found in any patient groups. Non-smokers had fewer coiled sperm than patients smoking .20 cigarettes/day (mean + SEM 8.8 + 0.3 and 12.2 + 1.6%, n ¼ 261 and 16, respectively) but not different from moderate smokers. No difference in the incidence of HIC was found in any patient groups.
A special case with the majority of sperm in the ejaculates being coiled A patient presenting 83% of coiled sperm was singled out for more thorough analysis. In his five visits over a period of 16 months when he was given full assessment of spermiogram and other semen parameters as well as serum hormone analysis, coiled sperm ranged from 30 to 83% with a mean of 53%, fluctuating from visit to visit. HIC was at 2 (1-3)% (mean and range), sperm concentration 9.2 (1.4 -16.4) Â 10 6 /ml, immotile sperm 99 (95 -100)%, normal sperm morphology 0.8 (0-2)%, eosin positive 78 (57-90)%, seminal leukocytes 0.6 (0-2.5) Â 10 6 /ml, sperm antibodies non-detectable, semen osmolality 334 mmol/kg, serum testosterone 14 (11.6-15.2) nmol/l, LH 2.1 (1.9 -2.5) U/l, FSH 3.0 (2.5 -3.4) U/l, SHBG 43 (38 -46) nmol/l, prolactin 173 (40 -341) mU/l, E 2 69 (59 -80) pmol/l, total seminal glucosidase 94 (26 -100) mU, fructose 42 (28-53) mmol and zinc 3.6 (3.1 -4.8) mmol. He had a varicocele and was under treatment for hypophysial prolactinoma, first with bromocriptin mesilate (Pravidel) and later with cabergolin (Dostinex). This medication would not be the cause of the high proportion of coiled sperm since five other patients also receiving such medication only had 8.6 (4 -18)% of coiled sperm and 3.4 (0-8)% of HIC. Electron microscopic examination of his sperm revealed a 9 þ 0 immotile cilia syndrome ( Fig. 2B and C) . The percentage of coiled sperm ranging from 30 to 83% did not show a chronological trend nor fluctuate in step with the fluctuation of any measured values of semen or hormone parameters, except total seminal content of the epididymal marker glucosidase. At above 60 mU, the content of seminal glucosidase appeared linearly correlated with percentage coiled sperm (Fig. 5) .
When the detergent TX was added to his native semen containing 62% of coiled sperm, these were reduced markedly to 25%. When the sperm were subjected to the HOS test, coiled sperm increased to 76%, indicating that some straight sperm tails with intact membrane, although immotile, were still capable of coiling upon cell swelling. However, an addition of TX to remove membrane restraints was largely ineffective in opening up the coil, as 65% remained coiled.
The patient underwent intra-cytoplasmic sperm injection (ICSI) treatment using two ejaculates produced 3.5 h apart. In the first ejaculate, only immotile sperm were found and eight coiled sperm were each injected into one oocyte, resulting in fertilization of one oocyte. In the second ejaculate, there were 3% motile sperm and six with straight tails were injected separately into six oocytes, resulting also in fertilization of one oocyte. Both embryos were transferred resulting in one implantation, however, this was an extra-uterine pregnancy and was terminated. This ICSI outcome indicates the fertilizing capacity of the coiled sperm but implantation of the fertilized oocyte was uncertain.
Effects of demembranation on coiling of native and hypo-osmotically swollen sperm
A total of 24 patients' ejaculates containing at least 15% of coiled and HIC sperm, and 16 ejaculates from healthy donors containing 10% or less of such sperm, as control, were subjected to treatment with the detergent TX to see if the flagellum could be uncoiled when the boundary of the cell was removed. In the control group, TX did not affect sperm coiling in native semen. In the HOS test, a large majority of the control sperm were coiled, indicating high viability (membrane integrity), and 75% of these coiled sperm were straightened out by TX (Table IVA) . It is interesting to note that there were more coiled sperm remaining after TX treatment given after HOS (21%) than in native semen before or after TX (6%). TX had no effect on percentage HIC which was very low in semen or in the HOS test. In patients' semen, there were on average 24% of coiled sperm, and 36% of these were opened up by TX (Table IVB) . The mean deviation of the sperm coiling assessment in fresh semen from the corresponding stained sperm smears was 2.0 + 1.4 percentage points. Nevertheless, a higher percentage of coiled sperm (66%) was found in the HOS test, indicating that these swollen viable sperm included some of the straight forms seen in native semen. However, compared with the control ejaculates from donors, fewer coiled sperm in the patients' HOS test were opened by TX (49 versus 75%). As found in the donors, sperm with HIC were not affected by TX.
In an attempt to prevent oxidation of the sperm tail in the 25 min duration of the HOS test that could fix the coils, 5 mM reducing agent DTT was added to the HOS medium. As a result, TX treatment opened up more coiled sperm (13 + 1 coiled in the presence versus 21 + 1% in the absence of DTT, n ¼ 16 in control; 27 + 2 versus 32 + 2%, n ¼ 18 in patients). However, there were higher proportions of coiled sperm in the controls than in patients who were responsive to DTT (37 + 4 versus 13 + 3%, respectively).
Discussion
Although it has been reported in the literature, and is indeed common laboratory experience, that coiled sperm are often seen in ejaculates including those from fertile men, this phenomenon has not been studied systematically to understand its cause or significance in male reproduction. It has been revealed in a long-term follow-up study that infertile patients who are eventually proven fertile show less sperm coiling (9%) than persistently infertile patients (11%, Jouannet et al., 1988) , and both percentages are higher than that in 1001 fertile men (7%) studied by the same laboratory (Auger et al., 2001) , suggesting that sperm coiling is associated with infertility. Unfortunately, no further analysis has been done in these studies to understand this unique sperm defect better. Our patient cohort in the present study showed similar extents of sperm coiling on average, with 12% of patients having 20% or more of the ejaculated sperm coiled. When sperm coiling is categorized as HIC or coiled otherwise, the median values were 3 and 8%, respectively. Whereas HIC were largely excluded from the swim-up samples, coiled sperm Coiled sperm in semen were still found in all samples examined, suggesting that they could be motile. They could even fertilize an oocyte by ICSI as shown in one case, although a resultant pregnancy was doubtful. The positive correlation of the extent of sperm coiling with head defect and negative correlation with progressive motility are understandable. This sperm defect, therefore, is another sperm quality that is independent of the efficiency of sperm output or hormonal status. Whereas in the mouse, defects in certain genes involved in the normal development of testicular spermatozoa (see Introduction) lead to the wrapping of the tail round the head, a similar malformation manifested as HIC was also found in patients' ejaculates, albeit at very low percentages. Although the possibility of a genetic cause for HIC is open, its lack of correlation with the remaining coiled forms suggests different causes of defect for these two categories of malformed sperm.
Electron microscopy revealed that in the coiled sperm, the cell membrane became detached from the skeleton of the tail which itself formed the coil within the boundary of the cell. The cell had transformed from a normal slender cylindrical shape into a geometrical form approaching a sphere. This resembles the phenomenon of sperm swelling in the HOS test where osmotic influx of water increases cell volume and reshapes the cell towards a spherical form to limit over-stretching of the plasma membrane, forcing the axonemal structure to coil or bend within the cell boundary. Therefore, if this physical restraint is removed by demembranation, the axoneme should uncoil unless the structure has already been fixed in the coiled form. This could occur by oxidation of the outer dense fibres and fibrous sheath, which are rich in sulphydryl groups that are turned into restraining S-S-bonds.
In this context, demembranation by TX was able to uncoil one-third of the coiled sperm in patients' semen, but there was no significant uncoiling in the control group which had much fewer coiled tails in semen. Such uncoiling suggests that some of the coiled sperm from patients were freshly formed, probably upon ejaculation when the epididymal sperm came into contact with seminal fluids. The TX-resistant coils would probably have been formed much earlier in the epididymis and oxidized before ejaculation. Nevertheless, there is no evidence for abnormally strong osmotic shock upon ejaculation, since semen osmolality was not correlated with the extent of sperm coiling, and these osmolality values can give no hint as to the osmolality of the contributing epididymal fluid that comprises only 5% of the semen volume (Wetterauer, 1986) .
It was an unexpected observation that even in control semen, sperm coiled by HOS could not all be uncoiled by TX demembranation, suggesting that oxidation of some of the coiled tails occurred within the 25 min when semen was diluted in the HOS medium. As the presence of the reducing agent DTT during HOS test could uncoil only 37% of the previously TX-resistant coils, some oxidation was irreversible. By comparison, there were more such TX-resistant sperm in patients after the HOS test, and DTT only uncoiled 13% of them. These findings suggest that ejaculated sperm with relatively high proportion of coiled forms are more susceptible to oxidation that is more difficult to reverse.
In infertility after vasectomy reversal, 19 of 29 cases show normal sperm concentration but .10% sperm (up to 64%) with normal heads but tails that are coiled or had short tails as in HOS test, suggesting disturbance of epididymal physiology (Pelfrey et al., 1982) . Vasectomy is known to affect different epididymal biochemical parameters, including epididymal gene expression (Thimon et al., 2008) . Epididymal malfunction has been implicated in infertile bulls with the 'Dag' defect characterized by high proportions of coiled or bent sperm tails in the ejaculate. The percentages of such abnormal sperm decreased stepwise from over 80% to below 6% in a series of exhaustive ejaculations, not accompanied by any trend in osmolality changes (Gustafsson et al., 1974) . Also after exhaustive ejaculations, coiled sperm reappeared in the ejaculate with time (Gustafsson, 1965) .
In the present study, the epididymal marker neutral a-glucosidase was positively correlated with the percentage of coiled sperm. The marker is used clinically to indicate tubule patency and therefore has a low threshold but no high threshold value, whereas the significance of high values is unclear (Cooper et al., 1988 (Cooper et al., , 1991 . Epididymal secretion includes organic osmolytes that make up the high osmolality of epididymal fluid (Cooper and Yeung, 2003) . If the high secretion of glucosidase reflects high secretions of such osmolytes, there may have been a higher luminal osmolality resulting in a higher osmotic challenge by accessory glands fluids at ejaculation, hence the swelling. It is remarkable that in the present case report where the patient showed fluctuating extents of coiled sperm in semen of up to 83% but not the rare HIC, the epididymal marker glucosidase increased with percentage coiled sperm. There was no hint of any cause for the coiling other than his varicocele, agreeing with the association between varicocele and coiled sperm found in the patient cohort.
When vascular drainage is impaired as in varicocele, maintenance of the epididymal milieu for sperm maturation and storage may be affected. In this respect, epididymal enzymes are known to regulate reactive oxygen species (ROS) (Drevet, 2006) , whereas higher ROS levels have been reported in semen from patients with varicocele than controls (Smith et al., 2006; Pasqualotto et al., 2008) . Sperm membrane oxidation may lead to a decrease in membrane fluidity or damage in membrane-associated function, such as ion transport for sperm volume regulation. In a report where 17 asthenozoospermic patients showed 23% of coiled sperm compared with 7% in 22 fertile men, some patients (number not given) were said to have varicocele (Kubo-Irie et al., 2005) , supporting the correlation found here. The observation of more coiled sperm from heavy smokers than nonsmokers (Ozgur et al., 2005) also agrees with the present findings.
There are reports on the association of coiled sperm with infection with or without quantification (Toth et al., 1978; Sanchez et al., 1990) . In vitro incubation of sperm with Mycoplasma hominis resulted in 1% of coiled sperm (Diaz-Garcia et al., 2006) , or an increase of 3 percentage points compared with controls (Rose and Scott, 1994) , or no change at all (Busolo and Zanchetta, 1985) . The association of coiled sperm with infection could not be confirmed in the present study.
In conclusion, the present study documented the common occurrence of sperm coiling in the ejaculates of infertile patients and at least some of the coiling was a result of cell swelling. Sperm coiling was independent of sperm quantity and hormonal status, but was associated with some conventional sperm quality parameters and a possible hostile endogenous milieu, as in varicocele or some unknown suboptimal epididymal environment. Such undesirable factors, not only the manifestation of sperm coiling as such, could compromise the fertilizing capacity of sperm.
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